Internal N cycling processes in sediments and the overlying water column may contribute to the eutrophication of lake systems. One of the major mechanisms for N loss in these systems is through biological oxidation and reduction of N species in the aerobic and anaerobic sediment zones, coupled with exchange processes between these zones. These mechanisms were measured using flooded, intact sediment columns and batch incubations with bulk sediments collected from a hypereutrophic lake. In continuously stirred batch incubations with aerated sediment, NHJ oxidation to NOj (nitrification) showed twophase, zero-order kinetics. The rapid first phase of nitrification (0.36 mg N L-' h-1 ) was due to the oxidation of NHJ initially present in the sediment, while the slower second phase (0.15 mg N L ' far 1 ) was limited by the rate of production of NHJ during ammoniflcation of organic N. Denitriflcation as determined by the C 2 H 2 -blockage technique was found to be limited by NOj availability. Under NOj nonlimiting conditions, the denitriflcation rate was 0.11 mg N L~' h-1 , but a fivefold decrease was measured at low NOj concentration (1 mg NO, L-'). Denitriflcation was the major NOj reductive process in the surface 27-cm sediment depth. I N ADDITION to anthropogenic inputs of N, bottom sediments in shallow lakes can act as an important source of N to the water column during (i) wind-driven sediment resuspension, (ii) diffusive flux of N in response to concentration gradients in the sediment, and (iii) bioturbation at the sediment-water interface. One of the major mechanisms of N loss in an aquatic system is through oxidation of NHJ" in the water column and in the aerobic sediment layer and reduction of NOf in the anaerobic zone of sediments (Reddy and Patrick, 1984; Seitzinger, 1988; Kemp et al., 1990).
NO j was largely attributed to sequential nitrification-denitrification reactions.
I N ADDITION to anthropogenic inputs of N, bottom sediments in shallow lakes can act as an important source of N to the water column during (i) wind-driven sediment resuspension, (ii) diffusive flux of N in response to concentration gradients in the sediment, and (iii) bioturbation at the sediment-water interface. One of the major mechanisms of N loss in an aquatic system is through oxidation of NHJ" in the water column and in the aerobic sediment layer and reduction of NOf in the anaerobic zone of sediments (Reddy and Patrick, 1984; Seitzinger, 1988; Kemp et al., 1990) .
In the absence of external inputs, nitrification is the only mechanism by which NOf is added to the sediments. Nitrification may only occur in the water column or in the aerobic sediment-water interface. Once formed, NOf may readily diffuse into sediments in response to the concentration gradient established as a result of NOf reduction. Once NOf is in the sediments, physical, chemical, and biological conditions determine which of several NOf reduction process predominates. Denitrifying organisms predominate when anoxia is temporary, since their utilization of NOf (instead of O 2 ) is a secondary process (Tiedje, 1982) . On the other hand, organisms responsible for DNRA predominate in C-and electron-rich environments (Eh < -200 mV) (Buresh and Patrick, 1981; Tiedje et al., 1982 Published in Soil Sci. Soc. Am. J. 57:1156 Am. J. 57: -1163 Am. J. 57: (1993 organic N pool is repressed by large amounts of NHJ" , which often characterizes anaerobic lake sediments.
Numerous field and laboratory studies have confirmed that these NOf reduction processes occur in a variety of aquatic environments, including estuary sediments (Nedwell, 1975; Nishio et al., 1982) , marine sediments (Kaspar, 1982; Seitzinger and Nixon, 1985; Sorensen, 1978) , and drainage ponds and lake sediments (Chan and Knowles, 1979; Chen et al., 1972a; Kaspar, 1985; Keeney et al., 1971) . The N transformation processes are coupled reactions, in which the rate of one reaction (e.g., nitrification) may regulate the rate of the others (e.g., NOf reduction). Furthermore, the extent of the N biochemical processes in one ecosystem are different from that in another, so processes must be evaluated on an individual ecosystem basis. In shallow lakes, hydrodynamic processes can result in resuspension of bottom sediments into water column (Simon, 1988) . During these events NH^ can be readily nitrified, and the NOf formed can be assimilated by algae and diffuse into anaerobic sediments, where it can undergo denitriflcation (Chen et al., 1972a,b) . Nitrification, denitrification, DNRA, and the assimilation of NH.J^ and NOf in subtropical hypereutrophic lakes has yet to be quantified.
The objectives of this study were to determine: (i) the rate of nitrification of NH^ in the aerobic zone of the sediment-water interface, (ii) the partitioning between denitrification DNRA, and ANR as a function of sediment depth, (iii) the maximum rate of denitrification in the sediment, and (iv) the influence of coupled processes of nitrification and NOf reduction on the overall N loss.
MATERIALS AND METHODS Study Site and Sampling
Lake Apopka is a shallow (mean depth = 1.7 m; area = 12 500 ha), hypereutrophic lake located northwest of Orlando in central Florida (chlorophyll a = 89 ± 6 ;u,g L~' [Newman, 1991] ; total P = 0.22 ± 0.07 mg L-1 ; TKN = 4.92 ± 0.85 mg L.-1 , [Reddy and Graetz, 1990] ). Agricultural drainage water pumped from surrounding farms into the lake during the last 40 yr has caused progressive deterioration of the water quality of the lake (Reddy and Graetz, 1990) . More than 90% of the lake sediment consists of a deep, unconsolidated flocculent layer (consisting of dead algal cells) underlain by a more consolidated layer of peat. A series of experiments was conducted using intact sediment columns and bulk sediment samples obtained from a single site that represents a major portion (90%) of the lake. Sediment cores (7.5-cm i.d.) used for the experiments were obtained to a depth of 40 to 50 cm with a piston corer (Fisher et al., 1992) in the spring and summer of 1989. The cores were allowed to equilibrate at room temperature (25 °C) before being used in the laboratory experiments.
Abbreviations: DNRA, dissimilatory NO 3 -reduction to NH 4 t ANR, assimilatory NOj reduction; TKN, total Kjehldahl nitrogen; TOC, total organic carbon; DEA, denitrification enzyme activity.
In batch experiments on discrete sediment depth increments, sediments were extruded from the bottom of cores using a plunger, sectioned, and transferred into plastic jars fitted with rubber septa. Bulk sediment samples were collected from Lake Apopka by an Ekman grab sampler (American Public Health Association, 1985) . The headspace of the jars containing the sectioned sediment samples or the bulk sediment samples were purged with N 2 and refrigerated (4 °C) until used in the experiments (=1 wk).
Sediment pH was measured using a pH meter and combination glass electrode. Sediment pore water was obtained by centrifugation of fresh sediment at 4066 x g for 20 min. The supernatant was decanted and analyzed for pore water TOC using a TOC analyzer (Model 0524B Total Carbon System, Oceanographic International Corp., College Station, TX). Sediments were extracted with 2 M KC1 for 1 h, and filtered through no. 42 Whatman filter paper. The filtrate was analyzed for NH 4 + and NO 3 by steam distillation (Keeney and Nelson, 1982) . The residual sediment on the filter paper was oven dried at 105 °C, finely ground, and analyzed for organic N with a Carla Erba Model NA-1500 CNS analyzer (Haake-Buchler Instruments, Saddlebrook, NJ). On separate samples, total N and C were also analyzed by the CNS analyzer.
Statistical analysis of the data consisted of analysis of variance with single degree of freedom comparisons to evaluate treatment effects using SAS GLM (SAS Institute, 1985, p. 956) . Linear regressions were used to estimate rates of N transformations.
Ammonium Oxidation in Sediments
A batch experiment was conducted to determine the rate of oxidation in the unconsolidated sediment under aerobic conditions that may exist during periods of sediment resuspension in the water column and at the sediment-water interface. A sediment slurry was made by mixing bulk sediment from the unconsolidated sediment layer (600 g fresh weight; bulk density = 0.047 g cm-3 ) to filtered lake water (1940 g) contained in a 3-L fernbach flask (three replications per treatment). The sediment slurry had an initial NH 4 -N concentration of 4 mg N L-1 . A rubber stopper inserted into the top of the flask was fitted with two Pt electrodes, a KCl-agar salt bridge, glass aeration inlet and outlet ports, and a glass pH combination electrode. The sediment slurry was continuously stirred with a magnetic stir plate, and was continuously bubbled with laboratory air using an aquarium pump (=280 mL min-1 ). The air exiting the flask was bubbled through 1 M H 2 SO 4 to trap volatilized NH 3 . Incubations were conducted in the dark at 31 °C.
The pH and the redox potential (Eh) of the sediment slurry were monitored for a period of 13 d. At selected time intervals, 20 mL of the sediment slurry was removed from each flask to determine extractable NHf and NOj , and organic N as described above. The rate of net nitrification was determined by measuring the increase in NO^ concentration with time.
Nitrate Reduction in Sediments
To estimate the denitrification capacities in the lake sediment, bulk sediment samples (42.3 mL bottle" 1 ) were amended with three concentrations of NOj and incubated in 120-mL serum bottles, plugged with rubber septa. Bottles were immediately purged with N 2 gas for at least 3 min. To one-half of the serum bottles, a portion of the headspace gas was replaced with C 2 H 2 (obtained by reaction of water with CaC 2 ) to give headspace concentrations of 10 kPa C 2 H 2 -90 kPa N 2 . In the other half of the serum bottles, no C 2 H 2 was added. One milliliter of KNO 3 solution was then injected into the sediments, to obtain 1, 10, and 100 mg N L-1 sediment (99 atom % 15 N). The experiment was conducted in triplicate using a completely randomized design. Samples were vigorously swirled to accelerate the diffusion of the C 2 H 2 and NO 3 solution into the sediment, and to ensure equilibration of gaseous denitrification produces (N 2 O + N 2 ) between the gaseous and aqueous phases. Sediment samples were incubated in the dark at 25 °C. The N 2 O accumulated was measured for a period of 288 h.
Production of N 2 O was measured by a gas chromatograph equipped with a 63 Ni electron capture detector (Shimadzu GC-14A, Columbia, MD). Injector, column, and detector temperatures were 65, 40, and 340 °C, respectively. Gas samples were passed through an in-line column (0.3 cm by 2 m) packed with Porapak Q (80/100, Supelco, Bellefonte, PA). The flow rate of the carrier gas (95 kPa Ar-5 kPa CH 4 ) was 30 cm 3 min-1 . The total N 2 O produced by denitrification was calculated from the amount of soluble N 2 O in the aqueous phase (sediment) plus the amount of N 2 O in the headspace (Tiedje, 1982) . Soluble N 2 O was calculated using a Bunsen adsorption coefficient of 0.544 (25 °C and 101 kPa pressure; Wilhelm et al., 1977) .
After an incubation period of 288 h, sediment samples were extracted with 2 M KC1 and analyzed for N was analyzed by mass spectrophotometry (Hauck, 1982) .
A second experiment was conducted to determine the denitrification activity as a function of sediment depth. Intact sediment cores were sectioned into predetermined depth increments for use in this study (Table 1) . Sediments (10 mL bottle-1 ; three replications per depth interval) were placed in 60-mL serum bottles and spiked with 0.255 mL of a KNO 3 solution (1 mg N mL-1 sediment at 99 atom % 15 N), and a 10 kPa €^.2-90 kPa N 2 headspace, using the procedure described above. Identical incubations of the upper 40 cm of sediment were also conducted without C 2 H 2 in the headspace, to determine the effects of C 2 H 2 on the partitioning between dissimilatory and assimilatory NOj reduction. Experiments were conducted in triplicate using a completely randomized design. NH 4 C1 for a period of 10 wk. The NH 4 * was applied on a weekly basis, instead of a single pulse, to simulate gradual N loading as it occurs in the field. The water column was continuously aerated at an air flow rate of 15 mL min-1 . At the end of the incubation, the water column was removed, and an aliquot was acidified (two drops of concentrated H 2 SO 4 per 20 mL), and frozen until analysis for NH^ and NO,. The sediment cores were then extruded and sectioned into defined depth intervals, and the 15 N content was determined for NH.J, NO^, and organic N pools.
To evaluate the fate of NOj added to the water column overlying an undisturbed sediment core, the water column of triplicate sediment columns was amended with 0.399 mg N column-1 wk-1 as KNO 3 (99 atom % 15 N). The experimental conditions and procedures were identical to that described above.
RESULTS AND DISCUSSION Ammonium Oxidation in Sediments
The presence of indigenous NO 3 -N in the sediment slurry indicated the presence of an active population of nitrifiers (Fig. 1) . Nitrification from this experiment was conducted under optimal conditions for nitrification including temperature (=30 °C; Frederick, 1956), pH (around neutrality; Keeney, 1973) , oxidizing conditions (Eh between 500 and 350 mV; Turner and Patrick, 1968) , and under well-mixed conditions (Bowden, 1984) .
Two phases of nitrification in the sediment slurry were observed (Fig. 1) . Between 0 an 76 h, nitrification followed zero-order kinetics with a rate constant (A^) of 0.081 mg N L-1 h-1 . Between 76 and 270 h, the zeroorder rate constant (fc 2 ) decreased to 0.034 mg N L" 1 h"
1 . Since the sediment volume was diluted 4.4 times by filtered lake water, the nitrification rates on a sediment volume basis for Phases I and II were 0.36 and 0.15 mg N L -1 h" 1 , respectively. The rapid first phase of nitrification was due to the oxidation of NH^ present in the sediment slurry. Nitrification showed linear accumulation of NOj, suggesting that NH 4 f was nonlimiting during this period. Rapid decrease in the NH^ of the sediment slurry was also attributable to a rapid nitrification rate. The initial decrease in the Eh from 456 to 419 mV corresponded to the consumption of O 2 due to nitrification (Fig. 2) consumption was probably due to the combined processes of ammonification of organic N and subsequent nitrification by heterotrophic and autotrophic bacteria, respectively. As the readily available NH 4 f was depleted, the only source of NH 4 f for nitrification was from the ammonification of organic N such as proteins and amino acids. Phase II of nitrification was therefore directly related to the ammonification of organic N. These results suggest that, under NH^-limiting conditions, ammonification of organic N may be the main factor controlling the rate of nitrification. Bowden (1986) also found that the rate of in situ nitrification may be influenced by substrate availability (NH^) and nitrifier activity. Kemp et al. (1990) Srinath et al. (1976) . In Lake Apopka, nitrification can potentially occur (i) in the water column (especially during sediment resuspension, which results in NH^ release), and (ii) at the sediment-water interface where aerobic conditions may exist. Under both conditions, nitrification rates may be limited by the supply of NH^. In the water column and at the sediment surface, assimilation of NH 4 -N by the autotrophic and heterotrophic microorganisms may reduce the amount of substrate available for nitrification. Aerobic, heterotrophic organisms may effectively compete with nitrifying bacteria in these zones, thereby decreasing the amount of O 2 available for nitrification. On the other hand, ammonification of organic N by heterotrophic bacteria may provide the substrate (NH^) required for increased nitrification. Ammonium and dissolved O 2 may be increased in the nitrifying zones by sediment resuspension, caused by wind-induced wave action, currents, and bioturbation. During quiescent periods in the lake hypolimnion, diffusion of these substrates may become the main factor that limits the rate of nitrification.
Aeration of the sediment slurry elevated the pH from =6.8 to 7.9 (Fig. 2 ), yet there were no detectable amounts of NH^ captured in the H 2 SO 4 traps resulting from NH 3 volatilization. Reddy and Graetz (1981) also found very little NH 3 volatilization in the water column aerated with CO 2 -containing air, but N loss by this mechanism was greatly increased when aerated with CO 2 -free air. The importance of N loss by NH 3 volatilization in natural water systems may be underestimated in laboratory studies, since algal photosynthesis can deplete CO 2 and elevate pH, resulting in N loss by this mechanism (Bouldin et al., 1974) .
Nitrate Reduction in Sediments
Nitrate was rapidly consumed in anaerobic sediments, by a combination of several NO^ biochemical reductive pathways. A maximum of 21.9 /tg N 2 O-N (51.7% of NO 3 -N added) was recovered as a product of denitrification 24 h after the addition of 1 mg NO 3 -N L -1 sediment treated with C 2 H 2 (Table 2) . After 24 h, N 2 O in the headspace began to decline, indicating the failure of the C 2 H 2 blockage technique at low sediment NOf and C 2 H 2 concentrations (Fig. 3a) . In the treatment without C 2 H 2 , low levels of N 2 O (1.68 /xg N) were measured immediately after NOj addition, but N 2 O was presumably utilized as an electron acceptor when NOf was depleted after =6 h. In the treatment with 10 mg NO 3 -N L~J sediment and C2H 2 , N 2 O accumulated to a maximum of 261 jug N (61.5% of NO 3 -N added) after 72 h, and maintained a steady value for the duration of the experiment (Fig. 3b) . In the absence of QH^, N 2 O accumulated to a maximum of 118 /Ag N 2 O-N at 48 h, but was presumably utilized as an electron acceptor when NO 3 levels in the sediment were reduced. In the treatment with 100 mg NO 3 -N L-1 sediment and QH;,, N 2 O accumulated for the entire experiment, reaching a maximum of 1296 jtg N (30.5% of NO 3 -N added) after 288 h (Fig. 3c ). In the treatment with 100 mg NO 3 -N L- to a maximum of 622 /u.g N and was not utilized as an electron acceptor, probably due to large quantities of NO 3 -that remained in the sediment after 288 h (Table  2) . Nitrous oxide emissions may be expected to be great from aquatic systems receiving large inputs of NOj.
Since ambient NOf levels in fresh sediments collected from the field were below detection limits, it was necessary to amend the sediments with NO 3 to determine the extent of denitrification. Unfortunately, denitrification rates measured in NOj-amended sediments may overestimate the in situ denitrification rate under NO^ -limited conditions. When low amounts of NOj (1 mg N L" 1 sediment) were added to the sediment, the denitrification rate was 0.024 mg N L" 1 sediment h" 1 , determined by measuring the accumulated N 2 O in the presence of C 2 H 2 (Fig. 3a) . To determine the effect of increasing NOf concentration on the denitrification capacity of the sediment, N 2 O production was measured in sediments amended with 10-and 100-fold greater concentrations of NO^ . The mean rates of denitrification calculated from the linear portion of the curves shown in Fig. 3b and 3c were 0.092 and 0.11 mg N L-1 sediment h-1 for the treatments with 10 and 100 mg NO 3 -N L-1 sediment, respectively. The denitrification rates of these sediments were between four and five times higher than in sediments amended with a small amount of NOj (1 mg N L" 1 ), suggesting that the rate of denitrification was limited by the available NOj . These results are in agreement with those of van Kessel (1977) , who showed that the rate of denitrification followed first-order kinetics at low NOf concentrations, and gradually became independent of NOj at higher NOj concentrations (zero order) .
Partitioning between the DNRA and denitrification was affected by the amount of NO 3 (electron acceptor) added to the sediment (Table 2 ). In the treatment with low NOf (1 mg NO 3 -N L-1 sediment), the ratio of the percentages of NO 3 -N recovered from denitrification/DNRA was 1.5. In the treatments with 10 and 100 mg NO 3 -N L" 1 sediment, the ratios increased to 5.5 and 13.6, respectively, suggesting the influence of NOj concentration on the partitioning between the two processes. King and Nedwell (1985) also found a shift from denitrification toward DNRA in environments with high C/electron acceptor ratios. The DNRA became the dominant reductive process when the C/electron acceptor ratio became higher, which commonly occurs in extremely anaerobic lake sediment. In the C-and electron-rich environments in the deeper sections of anaerobic lake sediments, microorganisms responsible for DNRA transfer 8 e~ to NOf, which is energetically more favorable (on a NOf basis, rather than on an electron basis) than transferring only 5 e-to NO 3 -during denitrification (Tiedje, 1988) . Therefore, microorganisms that carry out DNRA have a competitive advantage over denitrifiers in highly anaerobic environments.
In the batch incubations with sediment sections, denitrification activity was found to occur throughout the sediment profile to a depth of 40 cm (Fig. 4) . There was an initial lag phase for N 2 O production during the first 2 h for the sediment depths of 0 to 25 cm, but the lag phase was extended to at least 4 h for sediment depths >25 cm. The rates of denitrification during the lag phase ranged from 0 to 0.043 mg N L" 1 h" 1 , and were gen- erally highest in the upper sediment depths. The rate of denitrification during this lag phase probably closely corresponded to the DEA of the sediment, as described by Smith and Tiedje (1979) . The DEA of the sediment may be well correlated in the in situ biomass of denitrifying bacteria (Martin et al., 1988) , and to existing denitrifying enzymes present in the sediment before NOj addition. At sediment depths >25 cm, the DEA was significantly reduced, suggesting that denitrification is not a dominant NO 3 reductive mechanism at these depths. Addition of NOj stimulated the denitrification activities at all sediment depths. The rates of denitrification after NOj addition probably overestimated the in situ denitrification rates. However, the rates of denitrification after the lag phase followed similar trends as the DEA during the lag phase period. The rates of denitrification after the lag phase increased from 0.037 mg N 2 O-N L" l sediment h" 1 at the sediment surface, to a maximum of 0.054 mg N 2 O-N L-1 sediment h-1 at a depth of 15 to 20 cm. Denitrification was the major NO 3 -N reductive process at all depths between 0 and 27 cm, with a mean of 0.043 mg N L-1 h-1 (Fig. 4) . A 24-h incubation period for sediments with a headspace concentration of 10 kPa C 2 H 2 -90 kPa N 2 , had no apparent effect on the partitioning between assimilatory NO 3 reduction and DNRA. (Table 3) . At the sediment surface of 0 to 2 cm, 13% of the applied 15 NO 3 -N was recovered as the end product of DNRA ( 15 NH 4 -N), and N recovery between the treatments (with C 2 H 2 and without C 2 H 2 ), were made using analysis of variance of the treatment means (SAS Institute, 1985) . For each N fraction, means in the same row followed by the same letter are not significantly different at P = 0.05. Several researchers have shown a correlation between sediment organic C content and the partitioning of NO 3 -N in sediments (Knowles, 1982; Koike and Hattori, 1978; Tiedje, 1982) . For example, the assimilatory pathway was highest at the 0-to 2-cm sediment surface (Table  3) , where the pore water total organic C/extractable NH^ ratio was relatively high (5.87) compared with the deeper sediment layers (1.5; Table 1 ). In addition, N requirements of aerobic bacteria at the sediment-water interface have been shown to be greater than for anaerobic bacteria (Jones, 1979) . The DNRA was highest in the sediment depths that contained higher amounts of total organic C, characteristic of deeper sections of anaerobic sediment.
Coupling Processes of Ammonium Oxidation
and Nitrate Reduction Ammonium 15 N added to the water column was rapidly lost from the sediment-water column, as indicated by the mass balance of 15 N (Fig. 6) . At the end of 10 wk of NH.f loading to the floodwater (total loading of 3.99 mg N or 350 pg N cm-2 ), the amount of unaccounted N was -86% of the total added 15 N (301 jug N cm~2). Assuming that NH 4 -N loss was due to coupled nitrification-denitrification in the sediment, and using the nitrification rate 0.36 p,g N cm~3 h-1 (determined in the sediment slurry experiment), we calculated that only the upper 0.5 cm of sediment core was involved in the nitrification in the water column was not measured in this study.
The accumulation of extractable NH 4 -N in the upper portion of the sediment collected from the field (4.6 mg kg-1 ; Table 1 ), suggested that N loss by nitrificationdenitrification was limited by O 2 diffusion to the nitrifying zones, rather than NH^ levels at the sedimentwater interface. Focht (1979) hypothesized that, in the absence of advective mixing in the flooded sedimentwater column, O 2 rather than NH^ may be limiting with respect to nitrification. Oxygen limitation may be explained by (i) the competition for O 2 between the autotrophic (nitrifying bacteria) and heterotrophic bacteria, (ii) the slower diffusion coefficient of O 2 compared with NH^, and (iii) the fact that almost two moles of O 2 are required for each mole of NH| oxidized to NO 3 .
Only 15% of the 15 NH 4 -N applied was recovered in the sediment, most of which was in the surface 0-to 5-cm depth (8.7%), and in the organic (Table 1) . Jones (1979) showed that assimilatory NO^ reduction accounted for up to 60% of the total NOj reduction in the top 10 cm of aerobic (Eh = 100 mV) lake sediment, largely due to the rapid growth rate of aerobic organisms.
The recovery of organic and inorganic 15 N decreased with increasing sediment depth, although 15 N was detected at depths of 47 cm (Fig.-6) . The presence of N in these zones. It was unlikely that ammonium diffusion from the floodwater into the sediment occurred because of the relatively high concentrations of NH 4 f in the sediment porewater compared with the overlying water column. Based on this NHĉ oncentration gradient, diffusion of NH^ would be expected to occur toward the water column. The movement of 15 N through the soil profile through bioturbation by microflora was also possible, though this process was not explored in this study.
In the experiment in which 15 NOf was added to the water column (total loading of 3.99 mg N or 350 ;ug N cm~2), the amount of unaccounted N was =90% of the total added 15 N (0.21 /ig N cm-2 h-1 ). This loss was probably attributed to rapid denitrification of NO^ that was diffused from the floodwater into the anaerobic lake sediment. Nitrogen loss by denitrification was calculated to be 1.2 )u,g N cm-2 h~', based on the mean denitrification measured at 0-to 27-cm sediment depths (0.043 fjLg N cm~3 h" 1 ). This overestimated the observed N loss by =5.5 times. These results suggest that the rate of denitrification in intact sediment cores, as well as in the field, are regulated by the rate of nitrification and NOj diffusion into the denitrifying zones in the sediment. Chan and Knowles (1979) measured in situ denitrification rates of 0.03 and 0.01 ju,g N cm"
2 h" 1 in a drainage pool and small eutrophic lake, respectively. They suggested that the rate of denitrification in both cases was NO 3 -limited.
The largest portion of 15 NO 3 -N recovered in the sediment was detected in the surface 0-to 5-cm sediment depth (5.2%), most of which was in the organic 15 N fraction (3.0%), with the remaining portion in the inorganic fraction. Buresh and Patrick (1981) 
CONCLUSIONS The
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N mass balance experiments showed that between 86 and 90% of N applied was lost by N transformations occurring in the sediment-water column, which could largely be explained by rapid nitrification-denitrification processes.
The potential rate of nitrification in the sediment was 0.36 mg N L" 1 h" 1 . After the initial consumption of ambient NH$, further nitrification was limited by the rate of production of NH 4 f by ammonification of organic N compounds (0.12 mg N L~l h" 1 ). Nitrification rates in situ are probably regulated by the levels of dissolved O 2 n the nitrifying zones, which may be consumed by aerobic bacteria more rapidly than replenished by diffusion. Ammonium and NO^ assimilation into the organic fraction was found to be greatest in the surficial sediments, and may reduce substrate availability to nitrifying and denitrifying bacteria. The potential rate of denitrification in the sediment was found to be limited by NOj availability in the sediment (i.e., the rates of nitrification and NOj diffusion), and was measured to be 0.11 mg N L,-1 h~'. Under NOj -limiting conditions, the rate of denitrification in the bulk sediment was reduced fivefold.
The partitioning of NOj in the sediment column was affected by the amount of electron acceptor (NO 3 ) in the sediment, as well as other chemical characteristics in the sediment-water column.. The ratio of NO 3~ reduced by denitrification/DNRA was highest (13.6) when sediments were subjected to decreased C/electron acceptor ratios (i.e., high NO^ conditions). At high C/electron acceptor ratios (i.e., low NOj conditions) in the sediment, the denitrification/DNFlA ratio was decreased (1.5). Increased 15 N assimilation into the organic fraction was observed at the sediment surface 0 to 2 cm, accounting for >21% of the total 15 NO 3 -N reduced. Assimilatory NOj reduction played a smaller role at sediment depths >2 cm. Denitrification was the major NO 3 reductive process from the sediment surface to a depth of 27 cm, with an estimated denitrification rate of 0.043 mg N L~l h' 1 when low levels of NOf (1 mg N L" 1 ) were added to sediments. These results suggest that these sediment layers undergo alternate oxidizing and reducing conditions associated with wind-driven sediment resuspension, which are beneficial to denitrifying organisms.
